ABSTRACT We collected 886 samples (68 feed ingredient samples, 189 dust samples, and 629 feed samples) from 3 feed mills each of which produced between 100,000 and 400,000 tons of feed a year. Samples were collected on 3 d (Monday, Wednesday, and Friday), during 2 seasons (early spring and summer), and between 0700 and 1700 h approximately once per hour. Samples were collected from 5 locations within each mill: ingredient receiving, at the mixer, at the pellet mill, from pellet coolers, and at load-out.
INTRODUCTION
Although certain researchers have declared that feed is not an important source of Salmonella contamination in poultry (Brunton, 1990; Cox and Bailey, 1991) , regulatory officials apparently disagree with these assessments. McIlroy (1996) considered feed to be the most common source of Salmonella contamination for poultry flocks in Great Britain. European Union legislation aimed at controlling human food safety hazards requires feed manufacturers to adopt Hazard Analysis and Critical Control Points (HACCP) procedures for control of Salmonella and other pathogens in feed (Williams, 2002) . In 2002 the Netherlands issued tough new Good Manufacturing Practice (GMP) regulations aimed at controlling Salmonella in poultry feeds (den Hartog, 2002) . Sweden has monitored feed Salmonella contamination since the late 1940s and instituted mandatory HACCP regulations for feed manufacturers in 1990 (Haggblom, 1994) . The United States Food and Drug Administration established a goal to produce Salmonella-negative feeds in the US and declared that there is now no technical barrier to prevent 2004 Poultry Science Association, Inc. Received for publication June 9, 2003. Accepted for publication November 10, 2003. 1 To whom correspondence should be addressed: ftjones@uark.edu. 384 mills. There were no differences (P < 0.05) in the Salmonella contamination rates of samples collected in spring as compared with samples collected in summer. Salmonella contamination rates were observed to be higher in samples collected on Friday compared with samples collected on Monday or Wednesday, an effect that may be management related. Data collected at the pellet mill clearly illustrate the uneven distribution of Salmonella contamination in feed as well as the need for control of dust around the pellet mill. Feed samples (both mash and pellets) contaminated with Salmonella contained significantly higher EC than samples not contaminated with Salmonella. Thus, EC may provide some indication of the likelihood of Salmonella contamination in feed samples.
such production (Mitchell and McChesney, 1991) . Industry personnel have also realized the importance of feed in the spread of Salmonella contamination in poultry production.
One primary breeder official observed that although rodents are a significant source of Salmonella enteritidis contamination, feed is a major source of introduction of other Salmonella serotypes into commercial production situations (Baxter-Jones, 1996) . Two other primary breeder officials recently reported that during the last decade, close to 80% of the Salmonella serotypes isolated during routine monitoring of feeds and feed ingredients were the same serotypes found weeks later during the monitoring of breeding flocks and their offspring (Jensen and Rosales, 2002) . Assuming the validity of this statement, it would seem logical to think that the strains found on breeder farms, in the hatchery, and later in chicks ultimately originated from feed. In describing efforts that reduced Salmonella contamination in a broiler production unit, Grisedale (1990) reported that their investigations ended at the feed. Primm (1998) found that finished feeds represented an important source of Salmonella contamination in commercial turkey flocks. Morrow (2001) reviewed current practices for Salmonella control in commercial Abbreviation Key: EC = Enterobacteriaceae counts. poultry meat production and observed that it is impossible to produce Salmonella-free products without addressing feed decontamination. Morrow (2001) also noted that while laboratory testing of commercially manufactured feeds may produce Salmonella-negative results, contamination is not uniformly distributed, and the few cells present are often damaged, making detection even more difficult. Yet, conditions in commercial poultry houses can allow the few Salmonella present to repair and rapidly multiply. This observation is corroborated by the fact that early studies demonstrated that as few as one Salmonella organism in feed consumed by young chicks can lead to infection (Milner and Shaffer, 1952) . Researchers have also begun to realize the importance of feed in the contamination of poultry with Salmonella.
A number of workers have observed that Salmonella contaminated feeds are associated with the contamination of food producing animals and ultimately with human food-borne salmonellosis (Durand et al., 1990; Izat and Waldroup, 1990, Gabis, 1991; Crump et al., 2002) . Curtain (1984) reported that 77% of salmonellae in animals is derived from feeds. Shirota et al. (2001a,b) used pulsedfield gel electrophoresis patterns of digested chromosomal DNA to confirm that S. enteritidis strains found in commercial eggs in Japan were identical to those in feed.
Clearly, controlling Salmonella contamination in the final product will require addressing feed contamination. Yet, a relatively small number of studies have examined the contamination of feed during manufacture. Veldman et al. (1995) surveyed Salmonella contamination in Dutch feeds and found contamination in 21% of the mash feed samples and 1.4% of the pelleted feed samples for a 93.33% reduction in contamination rates. They also suggested that pelleting temperatures must be >80°C to reduce Salmonella to below detectable levels. In addition, these investigators demonstrated that Enterobacteriaceae counts (EC) were useful markers of the Salmonella contamination rate. Finally, these researchers concluded that feed remained an important source of contamination. Israelsen et al. (1996) studied Salmonella contamination in Danish feed manufacturing facilities and found that most feed contamination occurred as a result of growth within the manufacturing system. These researchers suggested that such growth was correlated with moisture condensation and that the pellet cooler was the primary site where condensation occurs. In addition, these researchers concluded that contamination rates could be expected to be higher during cool seasons than during warm seasons, because temperature differentials enhanced the chances for condensation. Davies and Wray (1997) studied the distribution of Salmonella in 10 feed manufacturing facilities in Great Britain and found that contamination rates from all samples tested ranged from 1.1 to 41.7%, depending upon the facility. The highest Salmonella contami- nation rates documented by these researchers were in the pellet cooler where isolation rates were as high as 85.7% in some facilities.
The studies outlined above have suggested a link between Salmonella contamination within feed mills and management or environment. While hopeful, this suggestion raised additional questions. If contamination is associated with management or environment, then when management or environment changes contamination rates should change. During early morning hours when relative humidities are usually highest, microbial growth and contamination rates could be enhanced. In addition, during cooler months contamination levels could be higher than during warmer months because increased temperature differentials could encourage condensation. Moreover, because a number of US feed manufacturing facilities tend to have all the orders they can fill at the beginning and the end of the work week, and management changes to fill those needs, the day of the week could affect contamination rates.
In view of this situation, this study was undertaken to determine the effect of season (spring or summer), day of collection (Monday, Wednesday, or Friday), and time of collection on Enterobacteriaceae counts and Salmonella contamination.
MATERIALS AND METHODS

Sample Collection
The study involved 3 feed mills each of which produced between 100,000 and 400,000 tons of feed a year. Samples were collected on 3 d of the week (Monday, Wednesday, and Friday) and during 2 seasons (early spring and summer). Samples were collected on 2 separate occasions within each season. Composite samples were collected at each location by donning a pair of sterile surgical gloves, obtaining 4 to 5 samples of approximately 100 g each, and combining those samples in a sterile sample bag. Samples were collected from the following 5 locations within each mill on an hourly basis (between 0700 and 1700 h): ingredient receiving, the mixer, at the pellet mill, from pellet coolers, and at load-out. Temperatures of the samples taken from the pellet mill were measured 2 immediately after collection. Samples were then transported to a clean location and ground to powder in a coffee grinder. The grinder was sanitized with 70% ethanol between samples and allowed to dry. Samples were refrigerated until analysis.
Enterobacteriaceae Counts
Enterobacteriaceae counts were done by suspending 10 g of the sample in 90 mL of sterile buffered phosphate water and shaking for 20 min on a wrist action shaker. Serial dilutions were plated on violet red bile glucose agar 3 using a Spiral Biotech 4 plater set to deliver 250 µL/ plate. Plates were incubated at 37°C for 24 h, and colonies (of >1 mm diameter) were enumerated using a Spiral Biotech 4 laser counter. Enterobacteriaceae counts = mean log 10 colony-forming units per gram ± standard error.
3
Standard errors were not listed if n < 5.
Salmonella Analysis
Salmonella analyses were made by suspending 25 g of the sample in 225 mL of M9 3 pre-enrichment and incubating at 37°C for 24 h (Juven et al., 1984) . One milliliter was then transferred to 9 mL of teterathionate enrichment broth (Hajna) 3 for enrichment and incubated at 42°C for 24 h. After enrichment, a 0.3-mL loop of broth was streaked on modified lysine iron agar 3 (Bailey et al., 1988) , xylose lysine tergitol agar 3 (Miller et al., 1991) , and brilliant green agar 3 supplemented with 30 mg/L novabiocin, and plates were incubated at 37°C for 24 h. Suspect colonies were then selected, picked, and biochemically confirmed using TSI 3 slants incubated at 37°C for 24 h. Colonies producing a positive biochemical response were serogrouped using polyvalent O Salmonella antisera. Samples were also subjected to delayed secondary enrichment by incubating the original tetrathionate enrichment at room temperature (ca. 23°C) for 5 d (Whatman et al., 1993) . After room temperature incubation, 1 mL of the enrichment broth transferred to 9 mL of fresh tetrathio- Enterobacteriaceae counts = mean log 10 colony-forming units per gram ± standard error.
3
Salmonella contamination, n = number of positive samples; % = percentage of samples positive. 4 Total number of assays, mean counts, and mean contamination rates.
nate, which was incubated for 24 h at 42°C prior to plating on selective plating agars for Salmonella isolation.
Data Analysis
The EC data were converted into logarithms, and Salmonella data were converted to arcsine for statistical analysis. Statistics were analyzed with SAS software (SAS, 1991) using GLM to detect significance, and Duncan's multiple range test separated means.
RESULTS
A total of 886 samples were collected and analyzed during this study. These included 68 feed ingredient samples, 189 dust samples, and 629 feed samples. There were 178 feed samples that had not been heat treated with steam (mash feed samples), and 451 feed samples had been heat treated with steam (pelleted feed samples).
Mean EC and Salmonella contamination data collected from feed ingredients obtained in this study are shown Enterobacteriaceae counts = mean log 10 colony-forming units per gram ± standard error. Total number of assays, mean counts, and mean contamination rates.
in Table 1 . It must first be emphasized that due to the small number of samples and the small number of feed mills represented, these data are representative of only the ingredient loads sampled. Nevertheless, these data illustrate the suggestion that Salmonella as well as other contaminating bacteria can be found in any organic feed ingredient. Mean Salmonella contamination data and EC for feed samples collected from the 3 feed mills surveyed are shown in Table 2 . There were differences (P < 0.05) between mills with respect to Salmonella contamination rates at the mixer. Although no significant differences in Salmonella contamination rates among mills were found at the other sampling locations examined, in most cases both EC and Salmonella contamination rates were reduced in comparison to rates found at the mixer. Because all of the feeds collected at the mixer were mash feeds and all of the feeds collected at other locations were pelleted feeds, the most likely reason for the difference in counts and contamination rates would appear to be the pelleting process.
Salmonella contamination rates and EC obtained from dust samples collected from various locations in the mills are shown in Table 3 . Standard error terms and statistics were included only for samples collected from coolers, because only a few dust samples were collected from other locations within the mills examined. Salmonella contamination rates were higher in cooler dust samples collected from mills 1 and 3 than from mill 2. Mean EC obtained from cooler dust from the various mills were significantly different from each other, with highest counts from mill 1 samples and lowest counts from mill 3 samples. A comparison of the results obtained from the analysis of dust samples with those obtained from feed (Table 2) revealed that dust samples were always more heavily contaminated with Salmonella and Enterobacteriaceae than feed samples collected in the same area.
Hour of collection had no significant effect on either Enterobacteriaceae counts or Salmonella contamination (data not shown). Apparently the effects of elevated early morning humidity were transient, because no effect on counts or contamination levels was detected.
The data shown in Table 4 show the effect of season and day of collection on EC obtained from pelleted feed samples. Season had a relatively consistent and signficant (P < 0.05) effect on EC with highest counts obtained in April and lowest counts obtained in August. However, day of collection had an inconsistent effect on EC depending upon the mill and month sampled. The highest EC in April were found in samples taken on Monday from mills 1 and 2, whereas Friday counts were highest from mill 3. In August the samples with the highest EC were found on Friday for all mills sampled. It is interesting to note that highest EC were never found in samples collected on Wednesday.
The data in Table 5 show the relationship of Salmonella contamination rates to season and day of collection. Contamination rates were relatively consistent across mills when days of collection were compared. Samples collected on Friday had higher (P < 0.05) contamination rates than samples collected on Wednesday, whereas Monday collected samples were intermediate. However, in contrast to EC, no significant differences were found in Salmonella contamination rates with respect to season.
The relationship of pellet temperature range to EC and Salmonella contamination is shown in Table 6 . Pellet temperatures obtained from mill 1 were significantly (P < 0.05) lower than those obtained from the other 2 mills sampled. This difference in temperature may be the primary reason why EC of feed samples obtained from the mill 1 were higher than counts obtained from the feed samples of other mills (see also Table 2 ). Average EC across mills from pellets obtained at the various temperature ranges revealed that counts were significantly reduced at 71.11 to 73.83°C (160 to 164.9°F) and again at 85 to 87.72°C (185 to 189.9°F). Our data suggest that perhaps feeds should be heated to 85°C. Heating to this temperature would likely mean that samples contained EC ≤ 4/ g (log 10 ≤ 0.60) and were adequately heat treated.
The data in Table 7 compare EC from mash and pelleted feed samples with Salmonella contamination rates. Feed Means within a column with different superscripts are significantly different (P < 0.05).
p-r
Means within a row and season with different superscripts are significantly different (P < 0.05).
x,y
Means within a row and season with different superscripts are significantly different (P < 0.05). 
DISCUSSION
The feed ingredient data collected during this study were similar to those of other researchers (Table 1) . MacKenzie and Bains (1976) made a similar observation as they surveyed Salmonella contamination in an Australian poultry company. Haggblom (1994) observed that most samples positive for Salmonella originate from the raw materials section of feed mills.
The data presented indicate that 16 of 178 mash samples (8.79%) were positive for Salmonella, whereas 19 of 451 Means within a column with different superscripts are significantly different (P < 0.05). pelleted feed samples (4.21%) were contaminated ( Table  2 ), suggesting that the pelleting process reduced Salmonella isolations in feed by 50%. Although the observed reduction was considerably less than the 93.33, 82.22, and 82.00% reduction reported by Veldman et al. (1995) , Blackman et al. (1993) , and Jones et al. (1991) , respectively, the mash contamination rates reported here were considerably lower than those reported by previous studies. The data presented also confirm that dust within feed manufacturing facilities can also be a major source of contamination (Table 3) . These data confirm the work of other researchers (Nape, 1968; Davies and Wray, 1997) . Riley (1969) found that bacterial counts obtained in a dusty mill environment contained between 20 and 200 organisms per cubic foot of air. He estimated with such a contamination rate feed passing through the cooler would pick up 1 Salmonella organism per 10 to 100 tons if the 78-90.5°C (190-194.9°F) 90.56-93.28°C (195-199 Mean EC within a column with different superscripts are significantly different (P < 0.05).
Mean EC within a row with different superscripts were significantly different (P < 0.05).
1
Temperature of pellets exiting the pellet mill.
2
Number of samples assayed. facility was not receiving feed ingredient loads that were contaminated. Because pellet coolers pull large volumes of air (ca. 5,000 cfm), dust obtained from the cooler would appear to have a greater likelihood of contamination than dust collected from other areas. Although the small number of samples collected here precluded an accurate assessment of dust contamination levels throughout the facilities examined, it was apparent that dust within coolers was a major source of contamination. Our data confirm those obtained by Israelsen (1996) who suggested Means within a column with different superscripts are significantly different (P < 0.05).
1
Number of samples assayed.
2
Enterobacteriaceae counts = mean log 10 colony-forming units per gram ± standard error. that condensation and, in turn, pathogen growth often occurs in coolers. Israelsen et al. (1997) suggested that condensation and contamination in coolers were more likely to occur during cooler months due to the temperature differentials. Although our data indicate that April EC counts were higher than August counts (Table 5) , no difference in Salmonella contamination rates was detected for the same period (Table 6 ). Additional research is necessary to verify the suggestions of Israelsen et al. (1997) Elevated EC and Salmonella contamination rates observed in samples collected on Friday appeared to be related to some feed mill management factor (Tables 5  and 6 ). Traditional wisdom would state that Friday is often the day when great volumes of feed are manufactured to ensure animals have feed during the weekend. If large volumes of feed were manufactured on Friday, and feeds were inadequately heat treated, the lack of sufficient heat treatment and excessive condensation could at least partially explain these data. However, no estimates of production tonnages were obtained.
When pelleting temperatures were compared with Salmonella contamination rates at the exit of the pellet mill, results were puzzling (Table 6) . Mill 3 had the highest temperatures and the highest Salmonella contamination rate. Mill 2 generally had lower temperatures than mill 1, but no Salmonella was found. These data clearly illustrate the uneven distribution of Salmonella contamination as well as the point that maintaining a high pelleting temperature was not sufficient to eliminate Salmonella. Himanthonkham et al. (1996) demonstrated that feed moisture and conditioning time play a crucial role determining in the lethality of the pelleting process for bacteria. However, additional information could assist in explaining these data. The level of dust on or above the pellet mill for feed mills 1, 2, and 3 was approximated at 1.5 mm (1/16 inch), 0.8 mm (1/32 inch), and 6.4 mm (1/2 inch), respectively. Mechanical vibrations and air currents around the pellet mill might have resulted in dust particles being dislodged and falling into the pelleted feed. It would appear that, given estimated level of dust present around mill 3, the pelleting process was not of sufficient lethality to control Salmonella contamination. Conversely, in mill 2 the lack of dust contamination apparently meant that the pelleting process provided sufficient lethality to control Salmonella. These data clearly illustrate the need for dust control around the pellet mill.
The data presented here clearly illustrate the illusive nature of Salmonella contamination in normal feed milling operations. Indeed, contamination rates of < 10% require that several hundred samples be collected to accurately assess feed contamination levels. However, nearly every feed sample contains countable levels of Enterobacteriaceae. Although the link between EC and Salmonella contamination of feeds is certainly logical because Salmonella is a member of the family Enterobacteriaceae, this is not a new concept. Mossel et al. (1963) and Van Schothorst et al. (1966) were apparently the first to suggest the use of Enterobacteriaceae as indicator organisms in feeds. Van Schothorst and Oosterrom (1984) suggested the use of EC for assessment of good manufacturing practices in rendering plants. Stott et al. (1975) demonstrated a correlation between EC and Salmonella contamination in pelleted feeds. Cox et al. (1983) reported no correlation between EC and Salmonella. However, these researchers ran a much smaller number of samples than did previous studies. Veldman et al. (1995) found that Enterobacteriaceae were useful markers of both the Salmonella contamination level and the efficiency of decontamination by pelleting. Thus, the link between EC and Salmonella should provide a useful tool for future investigations.
Indeed, regulations in a number of countries and organizations already use EC as an evaluation tool (Veldman et al., 1995; Morrow, 2001; den Hartog, 2002) . Based largely upon EC, Veldman et al. (1995) suggested that feeds should be heated to 80°C to ensure that they are free of Salmonella. However, our data suggest that under the conditions of this study, 85°C is required for Salmonella-free feed.
In conclusion, feed ingredients remain a source of feed contamination. However, dust must also be considered a major contamination source. Indeed, it would appear that dust accumulation around the pellet mill could effectively negate the sanitizing effects of pelleting. Hour of sample collection had no effect on Salmonella isolation rates, but more contamination was found on Friday than on any other day. Season was not related to Salmonella contamination, but EC contamination was. Data suggest that EC may provide a useful tool with which to assess the likelihood of Salmonella contamination. The data presented here suggest that Salmonella contamination rates are related to mill management practices. However, additional research is required to elucidate the practices associated with contamination rates.
